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We investigate the drag forces acting on large objects moving through a granular packing immersed
in water. In this aim, we conducted uplift experiments involving pulling out horizontal plates at a
prescribed velocity vertically. During these tests, we observed that the drag force reaches to peak at
a low displacement and then decays. Results show that the peak drag force strongly increases with
the velocity and depends on the plate size and grain diameter. We identify empirical scaling laws
for these properties and introduce a Darcy-flow mechanism that can explain them. Furthermore, we
conducted tests involving suddenly stopping the motion of the plate, which evidenced a progressive
relaxation of the drag force in time. We discuss how a visco-elasto-plastic mechanical analogue can
reproduce these dynamics. These results and analyses highlight fundamental differences in drag
force between dry and immersed granular materials.
I. INTRODUCTION
Drag forces are the resisting force acting on an object
moving in a fluid. In Newtonian fluids, drag forces may
be proportional to the object velocity v at a low Reynolds
number or proportional to v2 at a high Reynolds num-
ber. They result from the action of viscous and inertial
forces developing in the fluid being sheared and displaced
around the object. Accordingly, this drag force vanishes
when the object velocity tends to zero. Conversely, an
object would continuously move at a non-null velocity
when subjected to any non-null external force.
Drag forces on objects embedded in dry granular mate-
rials are fundamentally different. These differences arise
from the non-Newtonian behaviour of granular matter,
which can deform elastically at low level of shear stress
and flow plastically at high enough shear stress [1]. The
first consequence of this behaviour is that objects em-
bedded in granular packings may sustain a finite external
force without continuously moving through the packing.
The maximum force that the object can withstand while
only inducing an elastic-like deformation of the pack-
ing is sometimes referred to as capacity or peak drag.
In dry granular packings, this force is well understood.
Many experiments and simulations showed that it is rate-
independent at low object velocity. The drag force is then
proportional to the hydrostatic stress and object surface
area [2–11]. This regime is called frictional drag regime,
by analogy with a Coulomb friction law. At high ob-
ject velocity, the drag force increases quadratically with
speed, which is reminiscent of a turbulent drag [11–15].
This regime is called inertial drag. Like with Newtonian
fluids, frictional and inertial granular drags result from
the shear and the inertial displacement of the granular
packing near the object.
The presence of water in granular materials is known
to affect their rheological behaviour significantly. It can
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modify their effective viscosity and induce some delay in
their deformation response to a stress change [16–20].
This results from the additional dynamics associated
with moving and shearing the fluid between grains in the
pore network. However, the effect of water on granular
drag force remains poorly understood.
In this Paper, we seek to establish how granular drag
forces are affected by the presence of interstitial water.
To this aim, we performed a series of elementary drag
tests in fully immersed glass beads, varying the object
size, its depth, its velocity and the grain size. The goal is
to empirically establish the scaling of the drag force with
these parameters and, subsequently, to infer the physical
mechanisms at the origin of this behaviour.
The Paper is organised as follows. Section II describes
the experimental method used to measure drag forces.
Section III presents the results of peak drag force and
introduces an analytical model that captures its scalings.
Finally, Section IV explores the drag force relaxation dy-
namics and introduces a mechanical analogue that helps
explaining its origin.
II. EXPERIMENTAL METHOD
Uplift tests are performed using the experimental ap-
paratus presented in figure 1a. This experimental set-up
was previously used to measure drag forces in dry gran-
ular materials in Refs. [21, 22]. Tests involve placing a
horizontal plate into a fully immersed packing of glass
beads and pulling this plate vertically upward at a con-
trolled velocity v. The plate is a PDMS cylinder of thick-
ness 4 mm and diameter B ranging from 30 mm to 50 mm.
Grains are glass beads of diameter d = 0.3 mm, 0.6 mm
or 1 mm, with a polydispersity of ±10%. The density
of the glass beads is ρg = 2.6 × 103kg/m3. Grains and
plate are fully immersed in the water; there are no air
bubbles trapped into the packing. The granular packing
is enclosed in a cylindrical plastic container of diameter
170 mm. The plate is driven by a loading frame (H5KS
Olsen Loading Frame) via a 4 mm stainless-steel shaft
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2FIG. 1. Experimental uplift tests. (a) Experimental set-up showing the loading frame, load cell, shaft, and the container filled
with glass beads and water. (b) Photo of the glass beads used (Top: d = 0.3 mm; middle: d=0.6 mm;bottom: d= 1 mm); the
scale is the same on all three photos. (c) Illustration of a typical force-displacement response obtained when pulling the plate
vertically at a constant velocity.
and a force sensor. The force required to achieve the de-
sired plate motion is automatically adjusted and recorded
during tests.
Preparation of the tests involves filling the container
with a 5 cm thick layer of grains and water, placing the
plate at this location and gradually filling the rest of the
container. The container is gently tapped while grains
and water are poured in order to produce dense pack-
ings. This method produces packings with typical solid
fraction ν ≈ 0.9, unit weight of 23.7 kN/m3 and internal
friction angle φ ≈ 23◦. The force sensor is zeroed just af-
ter the pate is placed at the desired location and before
additional grains are poured above it. The force readings
then directly measure the reaction force of the granular
packing on the plate, excluding the weight of both the
plate and shaft. This force corresponds to the drag force
that is reported and analysed in the following.
We checked the repeatability of the experimental
method by conducting several tests with similar condi-
tions and measuring the maximum drag force F0 as a
point of comparison. Typically, we found a standard de-
viation lesser than 10%. We attribute these to variations
in the granular packing configurations resulting from the
pouring process, which may not be perfectly repeatable.
We also checked for possible finite container size effect
by repeating tests placing the plate closer and closer to
an edge, or closer and closer to the bottom. Unless the
plate was placed very close to an edge (less than 10 mm)
or very close to the bottom (less than 20 mm), we did
not observe any significant variation in F0. This sug-
gests that tests performed in the centre of the container
at a distance 50 mm from the bottom are not affected by
the finite container size.
d [mm] B [mm] H/B v [mm/s]
0.3→ 1 30→ 50 3 1.6× 10−2 → 16
TABLE I. Range of parameter explored experimentally, in-
cluding grains size d, plate diameter B, plate embedment ra-
tio H/B and prescribed uplift velocity v.
III. PEAK DRAG FORCE
This section focuses on the value of the peak drag force
F0 reached when uplifting the plate. It firsts presents
the values of F0 measured under different experimental
conditions, as summarised in Table I. It then introduces
a physical model to rationalising these observations.
A. Measurements
The peak drag force F0 was measured by performing
uplift tests at a constant velocity with different plate size
and grain size. Figure 2 shows a set of drag force ver-
sus displacement curves obtained with d =0.3 mm and
B =40 mm. All curves are qualitatively similar to the
illustration shown in figure 1c: the drag force first in-
creases sharply to a peak F0 and then decreases. Results
show that the peak drag F0 strongly increases as the up-
lift velocity is increased. Figures 3a,c report the values of
F0 measured at different velocities using different grain
sizes and with different plate diameters. These results
suggest a increase for F0(v), which we propose to decom-
pose as follows:
3FIG. 2. Drag force F as a function of the plate displace-
ment P during uplift tests performed at different velocities
(d =0.3 mm, H =120 mm and B =40 mm); the inset focuses
on small displacements.
F0 ≈ F qs0 +mv (1)
We define F qs0 as the peak drag in the quasi-static limit
(v → 0). m is a coefficient with a physical dimension of
force per unit velocity. Figures 3b,d indicate that this co-
efficient increases with the plate diameter, and decreases
when using larger grain sizes. These dependencies are
consistent with the following power laws: m ∝ B3 and
m ∝ d−2. However, the available range of plate diameter
and grain size only provides limited empirical support for
the value of these exponents.
B. Physical origin
To understand the physical origin of the peak drag
force scaling observed in the previous Section, let us first
consider similar uplift experiments conducted using dry
grains such as those presented in Ref. [22]. Without
water, the peak drag force F dry0 was found to be rate-
independent in the range of uplift velocities considered
here. The consensus is that F dry0 corresponds to the
weight of a volume of grains located above the plate,
and being supported by the plate. The precise shape of
this volume depends on the internal friction coefficient
of the packing, [23–28], the object shape [21, 29–32] and
the grain size [33–35]. For a circular plate, this volume
is illustrated on figure 4: it is a truncated cone originat-
ing from the plate and expending toward the free surface
with an angle θ ≈ φ. The corresponding model for a
circular plate of area S = piB2/4 is:
F dry0 = νρggHSf(H,B) (2)
f(H,B) =
1
3
[(
1 + 2
H
B
tan θ
)2
+ 2
H
B
tan θ + 2
]
. (3)
νρggHS corresponds to the weight of the cylinder of
grains located above the plate. The function f , which is
greater than one, accounts for the truncated cone shape;
f = 1 would correspond to a cylinder shape.
Based on this mechanism, we propose that drag forces
in immersed packings involve two components corre-
sponding to two distinct physical processes:
F0 = F
qs
0 + F
vis (4)
We assume that F qs0 is a rate-independent component re-
sulting from the weight of the truncated cone. However,
the presence of water induces buoyancy, which reduces
the effective weight of this truncated cone. Accordingly,
we propose to express the quasi-static component as:
F qs0 = ν(ρg − ρw)gHSf(H,B) (5)
= F dry0
(
1− ρw
ρg
)
(6)
where ρg is the density of glass and ρw the density of
water. Table II shows that the prediction of this model
approximately matches the quasi-static maximum drag
F qs0 obtained by fitting our experimental data F0(v) with
Eq. (1), with both F qs0 and m as free fitting parameters.
This indicates that the truncated cone mechanism is still
relevant in the presence of water and that it is at the ori-
gin of the quasi-static component of the maximum drag
force.
F vis is a rate-dependent component of the peak drag
force. According to our experimental observations, F vis
should be proportional to the uplift velocity: F vis =
mv. We attribute this component to the displacement
of water induced by the plate’s motion. We propose the
following physical mechanism to explain it.
We consider that the plate’s motion induces some flow
of water from above the plate to below the plate. At small
displacements (P 6 P0), we assume that the granular
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FIG. 3. Effect of the uplift velocity v on the peak drag force F0. (a,c) Peak drag forces measured at different velocities with
different grain sizes and plate diameters (see legends): (a) d = 0.3 mm, (c) B = 40 mm. Dashed lines correspond the best linear
fits of the data by Eq. (1) using F qs0 and m as fitting parameters. (b,d) Values of the parameter m that best fit data in (a)
and (c), respectively. Error bars represent the confidence intervals for the parameter m associated with the linear regression.
Dashed lines show power laws with an exponent 3 (b) and −2 (c) for a visual reference.
B [mm] d [mm] H/B Predicted F qs0 , [N] Measured F
qs
0 , [N]
30 0.3 3 5.0 5.0
40 0.3 3 11.9 10.3
50 0.3 3 23.3 21.8
TABLE II. Quasi-static peak drag force F qs0 : prediction of
the proposed model (Eq. (6) using θ = φ, ν = 0.9 and
ρw = 10
3kg/m3) and measurements (obtained by fitting of
the experimental data F0(v) with Eq. 1).
matrix has not significantly deformed plastically. The
flow of water thus corresponds to a Darcy flow through
an immobile porous matrix. While this flow is driven by
complex local gradients of pore pressure, we propose to
model in a simplified manner to estimate its contribution
to the drag force. We consider that the flow is driven by
pressure drop ∆p corresponding to the difference in pore
water pressure above and below the plate. The net force
acting on the plate is related to this pore water pressure
difference:
F vis = ∆ppiB2/4. (7)
We further relate the pressure drop to the plate velocity
by using Darcy’s law, involving the permeability of the
packing K:
v =
K
η
|∆p|
αlB
. (8)
where η is the viscosity of water. This formulation con-
siders an effective pathway of the water around the plate
given by αlB: it is proportional to the plate size via a di-
mensionless constant αl, which value is to be determined.
This pathway is illustrated in figure 4. Finally, we use
the Carman-Kozeny model to relate the granular packing
permeability k to the typical pore cross-section are, or to
the grain size:
K = αK
(1− ν)3
ν2
d2 (9)
5Air
Plate
Shaft
Dry Immersed
FIG. 4. Origin of the peak drag force in dry (left) and im-
mersed (right) granular packings. In dry condition, F0 cor-
responds to the weight of the grains comprised in the trun-
cated cone (patterned area). In fully immersed conditions,
this weight accounting for buoyancy corresponds to the quasi-
static component of F0. We propose a Darcy-flow mechanism
to explain the rate-dependent component of the drag force,
whereby water recirculates around the plate through the gran-
ular matrix on a typical pathway length αlB.
where αK is a dimensionless constant that depends on the
grain shape and polydispersity. For perfectly spherical
and mono-disperse grains, it is of the order of αK ≈
1/150.
Combining Eqs. (7), (8) and (9) leads to the following
expression for the viscous component of the peak drag
force:
F vis = mv (10)
m = αη
B3
d2
(11)
α =
pi
4
αl
αk
ν2
(1− ν)3 (12)
This model predicts that the viscous component of the
peak drag force is proportional to the plate velocity. Fur-
thermore, it highlights an expression for the coefficient
m; using a porosity of ν = 0.8 and αk = 1/150, the
prediction for the coefficient m becomes:
m = 150
pi
4
αl
.82
(.2)3
η
B3
d2
(13)
≈ 9 425× αlηB
3
d2
(14)
In our experimental conditions, we estimate that the vis-
cosity of the water is η = 8.9 × 10−4 Pa.s. The only
remaining unknown to estimate m is then the value of
the coefficient αl, which reflects the effective pathway
length of the liquid in unit B. To determine it, we fitted
all the values of m that we obtained experimentally with
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FIG. 5. Comparison of the parameter mexp (measured ex-
perimentally by fitting the data F0(v) by Eq. (1)) with the
value mtheory (predicted by the proposed model in Eq. (14)
using αl = 0.62). The dashed line represents the function
mexp = mtheory for visual reference.
Eq.(14) using αl as a sole free fitting parameter. The
best fit was obtained with αl ≈ 0.62. This indicates that
the effective pathway for the Darcy flow is slightly larger
than half the plate diameter, which is consistent with the
mechanism of recirculation around the plate illustrated
in figure 4.
Figure 5 compares the prediction of this model by plot-
ting Eq. (14) versus the experimentally determined val-
ues of m for different grain sizes and plate diameters.
The near match supports the credibility of the proposed
Darcy flow mechanism as a cause for the viscous compo-
nent of the peak drag force.
C. Post-peak behaviour
In addition to the velocity-driven increase in peak drag
force, the drag force versus displacement curves shown in
figure 1 highlight two features.
Firstly, the peak drag force is reached at a displace-
ment P0, which increases when the velocity is increased.
Figure 6a reports the values of P0(v) measured from the
data shown in figure 2. As a first approximation, it sug-
gests a linear increase which we propose to decompose as
follows:
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FIG. 6. Post-peak behaviour measured from data shown on figure 2 (d =0.3 mm and B =40 mm). (a) Displacement of the
plate P0 when the peak drag force is reached; The dashed line represents the best linear fit using Eq. (15), obtained with P
qs
0 ≈
0.58 mm and λ0 ≈ 0.25 s. (b) post peak relative drag force drop ∆F/F0 (see figure 1c).
P0 ≈ P qs0 + λ0v (15)
P qs0 is the quasi static peak displacement, corresponding
to the limit v → 0. λ0 is a characteristic time which
measures how long the drag force takes to build up to its
peak. The best linear fit of the peak displacement P0(v)
are obtained using P qs0 ≈ 0.58 mm and λ0 ≈ 0.25 s. In-
terestingly, the linearity of P0(v) indicates that the peak
drag force is not simply reached when a fixed displace-
ment is reached. It rather suggests that it takes a finite
amount of time λ0 to reach it.
Secondly, figure 1 shows that the drag force sharply
decreases after the peak displacement is reached (P >
P0). We measured the post-peak drop in drag force by
the quantity:
∆F = F0 − Finflection (16)
where Finflection is the drag force measured at the inflex-
ion point of F (P ) following the peak displacement (see
figure 1c). Figure 6b shows that the drag force drop ∆F
can reach up to 80% of the peak force F0 at high uplift
velocities. This suggests that the viscous component of
the peak drag force F vis virtually vanishes after the peak
is reached.
While the Darcy flow mechanism can explain the ve-
locity dependence of the peak drag force, it is not suffi-
cient to explain these two observations. The next section
will seek to identify the relevant missing physical mech-
anisms.
(a) (b) (c)
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FIG. 7. Examples of mechanical analogue: (a) spring, (b)
dashpot and (c) slider elements; (d) elasto-plastic, (e) visco-
plastic and (f) elasto-visco-plastic analogues.
7FIG. 8. Relaxation tests. (a,b) Displacement P and measured drag force during a test where the plate (B=40 mm) is uplifted at
a constant velocity v =0.4 mm/s during t0=4 s and then stopped. (c) Semi-log plot of the drag force evolution during relaxation
(same data as in (b)); The dashed line represent the best fit using the exponential decay in Eq. (17), using λ as sole fitting
parameter. (d) Values of relaxation time λ obtained by similarly fitting tests conducted with different velocities v.
IV. DRAG FORCE MECHANICAL ANALOGUE
The previous section has highlighted three main prop-
erties of the drag force in fully immersed packings: (i)
the peak drag force F0 increases linearly with the up-
lift velocity (ii) the peak displacement P0 also increases
linearly with the uplift velocity and (iii) the drag force
strongly drops after the peak is reached. In this section,
we seek to develop a simple mechanical analogue in order
to understand the origin of these properties better.
A. Elementary mechanical analogues
We consider the three elementary mechanical ana-
logues that are illustrated in figures 7a-c: a linear spring,
a linear dashpot and a slider. By analogy with our drag
experiments, we call P distance between the moving bot-
tom of the analogue and its fixed top, P˙ = v the upward
velocity and F the force applied at point P to generate
this motion. The mechanical behaviour of these three
analogues is given by F = kP for the spring where k
is a spring stiffness parameter, F = ξP˙ for the dashpot
where ξ is the viscous parameter, and P˙ = 0 if F < Fs
and F = Fs otherwise for the slider (which sticks or slips,
respectively) where Fs is a force threshold parameter.
Combining these elements in parallel makes them expe-
rience the same displacement. Combining them in series
make them experience the same force. Such combinations
produce a variety of mechanical behaviours. For instance,
the simple elasto-plastic analogue presented on figure 7d
would be sufficient to predict a linear increase in drag
force F = kP up until a maximum value F = Fs, and
a maximum displacement P0 = Fs/k. Considering that
the slider parameter is the peak drag force, Fs = F0, this
analogue would capture the evolution of the drag force
in dry conditions until P = P0. Then, the parameter k
would account for an effective stiffness of the granular
packing, and the slider would account for its plastic de-
formation. However, this elasto-plastic analogue is rate-
independent. It is therefore not sufficient to capture the
drag force in immersed packings.
The Maxwell visco-elastic analogue illustrated in figure
7e is rate-dependent. Compressed at a constant velocity
8P˙ = v, the force would reach a steady state F = ξv af-
ter gradually increasing during a characteristic time ξ/k.
However, it predicts a maximum drag force of ξv, which
does not completely match the observed linear increase
F0(v), given that it includes a non-null peak force F
qs
0
for v → 0
The elasto-visco-plastic analogue illustrated on figure
7f can capture this non-null peak force in the quasi-static
limit by introducing a slider with Fs = F qs0 . Under
constant velocity, this analogue responds with a linear
increase of the force F (t) = kP until F qs0 is reached.
Then the slider moves freely, and the force in the dash-
pot increases from 0 to a value of vξ after a character-
istic time ξ/k. This results in a maximum drag force
of F0 = F
qs
0 + ξv, which is consistent with our experi-
mental observation. Furthermore, this analogue predicts
that the maximum drag force would be achieved at a dis-
placement of the order of P0 ≈ F
qs
0
k +
ξ
kv, which is also
consistent with the observed linear increase for P0(v).
B. Drag force visco-elastic relaxation
The simple elasto-visco-plastic analogue on figure 7f
qualitatively captures the behaviour of the drag force be-
fore the peak is reached as well as its peak value. It fur-
ther predicts that, if the motion of the plate is stopped
after the peak is reached (P˙ = 0), the drag force should
gradually relax in time toward the value of the slider force
threshold Fs with a characteristic time ξ/k.
To verify whether this relaxation actually occurs, we
conducted a series of tests whereby the plate is uplifted
at a constant velocity v until the peak force is reached,
and then stopped. An example of the plate displacement
and drag force evolution of such tests is shown on figures
8a,b. It confirms that the drag force relaxes once the
plate motion is stopped. Furthermore, figure 8c indicates
that this relaxation is exponential, which also matches
the analogue dynamics:
F (t− t0)− F (t0) ≈ (Fs − F (t0)) e−
t−t0
λ (17)
t0 is the time at which the plate motion was stopped
and λ is a characteristic time scale of the relaxation. Fs
corresponds to the drag force at time t → ∞. In this
experiment, we found Fs = 9.8 N, which is close to, but
slightly lower than the measured quasi-static drag force:
F qs0 = 10.3 N.
We measured the relaxation time λ on tests performed
at different initial velocity by fitting the drag force relax-
ation measurements with Eq. (17) using λ as sole fitting
parameter. Both Fs = F (t→∞) and F (t0) are directly
measured. Results shown in figure 8d indicate a slight de-
crease of λ(v), with values ranging from 0.3 s to 0.11 s in
the explored range of velocity. Interestingly, these values
are close to the time λ0 ≈ 0.33 s needed for the viscous
drag force to build up. This suggests that both viscous
F
FIG. 9. Proposed mechanical analogue for the drag force in
immersed granular packings. The force F is distributed be-
tween the elasto-plastic element (left) and the visco-elastic
element (right): F = F ep + F ve. Both elements undergo the
same deformation P and deformation rate P˙ at any point in
time. The dashed red line indicates that large slider deforma-
tions may lead to lowering the dashpot viscous parameter ξ;
this could explain the post-peak drop in drag force observed
on figure 2.
drag force build-up and relaxation could result from sim-
ilar visco-elastic dynamics.
However, we could not find a set of spring constant
k and viscous parameter ξ that would lead to simulta-
neously match the measurements of (i) the increase in
drag force at small displacements, (ii) the peak force F0
and (iii) the relaxation time λ. According the mechani-
cal analogue of figure 7d, these are given by: F (P ) = kP
for P < Fs/k, F0 = Fs + ξv and λ = ξ/k. This means
that prescribing a stiffness k and a viscous parameter ξ
in order to match the pre-peak and peak drag force F0
determines the relaxation time.
C. Proposed drag force analogue
We propose to resolve this discrepancy by introduc-
ing a second spring element in the visco-elasto-plastic
model, as illustrated on figure 9. The resulting analogue
is comprised of an elasto-plastic element and a Maxwell
visco-elastic element connected in parallel. Its mechani-
cal response to a relaxation test is:
9FIG. 10. Drag force relaxation dynamics. (a) Three experimental plate displacement where a constant velocity v is applied
before the plate is stopped. (b-d) drag force evolution corresponding to tests on (a): v = 10 mm/min (b), 400 mm/min (c) and
1000 mm/min (d). (b-d) compare the experimental drag force measurements (Fexp) to the predictions of the proposed visco-
elasto-plastic model on figure 9 (Fsim, together with its elasto-plastic and visco-elastic components). The model parameter
used are summarised on Table III.
F (P ) = (k1 + k2)P for t→ 0 (18)
F0 = Fs + ξv (19)
λ = ξ/k2 (20)
Eq. (18) corresponds to the instantaneous elastic re-
sponse at the beginning of the test, when the slider sticks
and does not deform while the dashpot had no time to
deform. Eq. (19) represents the maximum force achieved
under a constant velocity P˙ = v. Eq. (20) represents the
characteristic relaxation time of the drag force occurring
when the plate is stopped.
In order to compare the response of this analogue to
our experimental results, we have numerically resolved it
by integrating the following system of equation:
F = F ep + F ve (21)
F˙ ep =
{
k1P˙ if F
ep < Fs
0 otherwise
(22)
P˙ =
F˙ ve
k2
+
F ve
ξ
(23)
P (t = 0) = 0; P˙ (t < t0) = v; P˙ (t > t0) = 0; (24)
F ep(t = 0) = F ve(t = 0) = 0 (25)
The numerical resolution consists of solving for the
elasto-plastic and visco-elastic forces in the PDEs (22)
and (23) by integrating them over small time increments
dt  ξ/k2 during the entire duration of the test. This
was performed by using a forward finite difference dis-
cretisation of the time derivatives.
10
We tested the ability of this model to capture the drag
force throughout relaxation tests by
• Measuring the peak drag force F0;
• Measuring the slider force as Fs = F (t→∞);
• Defining the viscous parameter as ξ = F0−Fsv ;
• Estimating the stiffness k2 by fitting the drag force
curve F (P ) during the relaxation (t > t0) by Eq.
(17, using λ = ξ/k2 and k2 as sole free fitting pa-
rameter.
• Estimating the stiffness k1 by fitting the drag force
curve F (P ) at low deformation by (P  P0) by
the function F = (k1 + k2)P , using k1 as sole free
fitting parameter.
Figure 10 compares the response of this analogue to
the measured drag force for relaxation tests performed
with three different initial velocities. These results sug-
gest that the analogue can capture the salient properties
of the drag force, including the pre-peak rise and peak
values, as well as its time of relaxation. The analogue
parameters used that best match the measurements are
summarised on Table III. It appears that the values of
the stiffnesses k1,2, the viscous parameter ξ and the slider
force Fs depend on the test velocity. Specifically, the
stiffness k1 and the viscous parameter becomes signifi-
cantly lower at high velocities. Coincidently, the slider
force Fs = F (t → ∞) decreases at high velocity, and is
always significantly lower than the quasi-static peak drag
measured for this plate (F qs0 = 10.3 N).
A possible explanation for these effects would be that
the high-pressure gradient developing in the pores at
high velocity could partially mobilise the granular ma-
trix: some grains could move and possibly become flu-
idised under the action of the liquid pressure gradient.
This could induce a rate-softening and rate-weakening of
the granular matrix explaining the reduction in stiffnesses
and effective strength Fs at high velocities. However, the
results presented here do not provide direct evidence of
such a process, which therefore remains conjectural.
v F0 Fs k1 ξ λ k2
mm/min N N N/m N/(m/s) s N/m
10 12 8.5 4.6× 104 104 0.28 3.4× 104
400 25 6 1.3× 103 3× 103 0.15 2× 104
1 000 47.5 5 1.3× 103 3× 103 0.125 2.4× 104
TABLE III. Parameters used to test the visco-elasto-plastic
model in figure 9 against experimental relaxation tests per-
formed with B =40 mm and d = 0.3 mm at three different
velocities. For all tests, the quasi-static peak drag force was:
F qs0 = 10.3 N. The peak force F0 was measured from experi-
ments, and the value of the viscous parameter ξ was deduced
accordingly; both stiffnesses k1,2 were inferred by fitting ex-
perimental data (see text).
D. Post-peak drag force drop
The visco-elasto-plastic analogue can reproduce the ex-
perimental drag force evolution in relaxation tests when
the velocity is stopped shortly after the peak drag force
is reached. However, it does not include a mechanism
that lowers the drag force when the velocity is kept con-
stant. It instead predicts that the drag force would reach
a maximum Fs + ξv and then plateau. This is not con-
sistent with the measurements shown in figure 2, which
evidence a strong decrease in drag force after the peak
is reached (P > P0). In comparison with the peak drag
force, the post-peak drag force only marginally increases
at high velocities. This suggests that the viscous com-
ponent of the drag force becomes much weaker after the
peak.
We hypothesise that this effect may be caused by the
circulation of grains around the plate taking place at
large displacements. Such granular flows around moving
objects have been consistently observed in a variety of
mobility tests in dry conditions [11, 36–39]. Our hypoth-
esis is that grains do not significantly recirculate before
the peak drag force is reached, which is consistent with
the Darcy-flow mechanism we proposed to explain the
peak drag force. We further hypothesise that grains could
start circulating around the plate at large displacements,
thus moving along with the liquid. Having the granular
matrix moving with the liquid would significantly reduce
the magnitude of the viscous forces, resulting in a drop
in drag force.
V. CONCLUSION
This study pointed out that the presence of water in
the pores can quantitatively and qualitatively modify
granular drag forces.
By focusing on an elementary drag test, we found that
water induces a viscous component, which adds to the
frictional drag developing in dry conditions. This intro-
duces a rate-dependence for the drag force, which in-
creases with the plate velocity. Specifically, we found a
linear relationship for the peak drag force F0(v) (see Eq.
1). We introduced a Darcy-flow mechanism, which ra-
tionalised the dependence of F0 with the plate velocity,
the grain size and the plate size. The resulting model is
expressed in Eqs. (4), (6) and (10).
We further found that this peak drag force gradually
relaxes in time when the plate’s motion is stopped and
showed how this behaviour is analogous to a visco-elasto-
plastic dynamics. This observation suggests that peak
drag force F0 measured in constant velocity tests does not
correspond to a static resistance. According to the elasto-
visco-plastic analogue we introduced, a plate loaded with
a constant external force greater than F qs0 would not sig-
nificantly move during a period of time and then would
start moving through the packing. While such delays in
deformation response have been reported with immersed
11
granular materials subjected to step shear-stress changes
[16–18], they remain to be experimentally observed in
drag experiments.
Our results also evidenced a significant drop in drag
force at large displacements after the peak is reached. In
comparison with peak drag forces, post-peak drag forces
appear to have a much weaker rate-dependence. We con-
jectured that this could result from the development of
grain recirculation around the plate, which would reduce
the relative velocity between the liquid and grains and
thus reduce the magnitude of the viscous forces. In-situ
visualisation techniques [40] or particle-based simulations
could possibly provide a direct evidence of this mecha-
nism.
Lastly, we expect these water-induced rate-effects to
play an important role in the mobility response of objects
subjected to dynamic and cyclic loadings [41, 42], and
in the development of drag instabilities that have been
observed in dry packings [7, 22, 43].
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